Abstract Various drugs and chemicals break the DNA strand under ultraviolet irradiation. This study aimed to clarify the DNA-breaking activity (DBA) of serum from 39 patients with various photosensitivity disorders and that from eight normal subjects. A mixture of serum and circular plasmid DNA was exposed to longwave ultraviolet radiation, and the photoinduced cleavage of plasmid DNA was examined by electrophoretic analysis. DBA was found in serum from patients with erythropoietic protoporphyria (2 of 2), drug-induced photosensitivity (3 of 5), chronic actinic dermatitis (1 of 12) and hydroa vacciniforme (1 of 1). DBA was not found in serum from patients with porphyria cutanea tarda, collagen diseases with photosensitivity, papulovesicular light eruption or pellagra. The inhibition profile of DBA by active oxygen scavengers was different between afloqualone-and tetracycline-induced photosensitivity and chronic actinic dermatitis. The present method was useful for the detection of serum phototoxicity and the investigation of the pathomechanisms of photosensitivity.
under ultraviolet irradiation include phenothiazines [5] , tetracyclines [12] , griseofulvin [11] , anti-cancer drugs such as daunomycin [6] and etoposide [14] , nonsteroidal anti-inflammatory drugs [1] , enoxacine and afloqualone [5, 8] . The production of singlet oxygens and/or hydroxy radicals seems to be responsible in part for the photodynamic effect of these substances.
We have established an electrophoretic analytical method for photoinduced cleavage of plasmid DNA [8] . A plasmid supercoiled, closed circular (CC) form of double-strand DNA is sensitive to damage by a variety of physical and chemical agents [1, 5, 6, 8, 11, 12, 14] . Cleavage of the CC single strand produces a relaxed open circular (OC) form. Although the differences in molecular mass between the CC and OC forms of plasmid DNA are negligible, these two forms can be distinguished by differences in their migration rates on agarose gel electrophoresis. Therefore, photoinduced DNA damage can be determined by comparing the amount of cleaved to noncleaved DNA [8] . This study was designed to evaluate DNAbreaking activity (DBA) in serum from patients with photosensitivity dermatoses using the above method. The results showed photodynamic DBA in the serum from some of these patients, suggesting a contribution of this activity to the pathogenesis of photosensitivity disorders.
Materials and methods

Materials
Serum was obtained from patients with various photosensitivity disorders (39 samples) as listed in Table 1 and from normal volunteers (8 samples) who had not received any medication for at least 2 months. The samples were stored at -80 ~ C in the dark until use. The diagnosis of each disorder was made on the basis of clinical features, laboratory data, and histological examinations. A solution of 3,3",4",5--tetrachlorosalicylanilide (TCSA; Eastman Kodak, Rochester, N.Y.) in dimethyl sulphoxide (DMSO) was prepared at a concentration of 20 M and stored at 4 ~ C in the dark. Various dilutions were made with 20 mM Tris-HC1 buffer (pH 7.5). Plasmid YRp7 and pBR322 DNA (> 90% CC form) were purchased from Nippon Gene (Tokyo, Japan) and used without further purification. Superoxide dismutase (SOD) from bovine erythrocytes and cata- Erythema following UVA irradiation, and/or reduced MED aLaboratory findings including minimal erythematous dose, antinuclear and anti-DNA antibodies, serum or urine porphyrin levels, and serum nicotinic acid levels, were normal or not detected, otherwise mentioned b Urine uroporphyrine level (normal: < 20 ~tg/day) ~ Protoporphyrin level in red blood cells (RBC) (normal: < 100 gg/dl RBC) d The patients were given tetracycline, afloqualone, griseofulvin, tiaprofenic acid and 5-fluorouracil for 1 month to 3 years e Serum nicotinic acid level (normal: 4.7-7.5 gg/dl) f The diagnosis was made according to recommended criteria [4] g Chronic actinic dermatitis was defined as a persistent UV-and rarely also visible radiation-induced eruption of exposed areas in which the pathological examination disclosed eczematous or pseudolymphomatous changes [7] lase from bovine liver were purchased from Sigma Chemical (St. Louis, M., USA). Sodium azide (NAN3) and DMSO were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Treatment of serum samples
Just before use, molecules of relative mass less than 30 kDa were obtained by fractionation of the serum samples in an ultrafiltration tube (Centricon-30; Amicon, Tokyo, Japan) to remove residual proteins that prevent DNA from migrating in electrophoresis. For inactivation of DNase, each sample was boiled for 10 min and cooled to room temperature in the dark. Before adding to DNA the samples were diluted 1 : 1 in 20 mM Tris-HC1 buffer.
DNA-breaking activity
Plasmid CC form DNA in Tris-HC1 buffer (10 ~1, 4-12 gg/ml) was mixed with 10 gl of the serum sample or with 10 ~tl TCSA at various final concentrations between 25 and 250 gM. The mixture was irradiated with ultraviolet A (UVA) using three lamps (20SBLB; Toshiba Electric, Tokyo) at an output of 1.2 J/cm 2 and a wavelength of 365 nm for 45 min. The irradiated samples were loaded on a 1% agarose gel containing 89 mM Tris base, 2 mM EDTA and 89 mM boric acid, pH 8.0, and were electrophoresed in a horizontal slab gel apparatus (Mupid, Tokyo) for 30 min at 100 V or for 60 min at 50 V. The gel was stained with a solution of 1 mg/ml ethidium bromide for 20 rain. DNA bands were visualized under UV radiation in a dark room with a transiluminator (Funakoshi, Tokyo) and photographed with a camera (Polaroid 600SE, Polaroid, Tokyo) equipped with a red filter. The amounts of the CC and OC forms were determined with a densitometric analysis system (New shonic ver. 2.0 software, Tokyo, and a PC9801VM computer, Nippon Electricity, Tokyo). The induction rate of the OC form of plasmid DNA was designated as photodynamic DBA and was calculated from the following formula:
where a is the proportion (%) of the CC form without UVA irradiation, b is the proportion (%) of the OC form without UVA irradiation and c is the proportion (%) of the OC form after UVA irradiation.
Inhibition of DBA by active oxygen scavengers
The scavengers used in this study included SOD (final concentration 250 U/ml) as a superoxide scavenger, NaN 3 (20 mM) as a sin- Fig. 1 Induction of the OC form by the photodynamic action of TCSA. D and L represent non-irradiated and UVAexposed samples, respectively glet oxygen scavenger, catalase (250 U/ml) as a hydrogen peroxide scavenger, and DMSO (50 raM) as a hydroxy radical scavenger. A mixture of plasmid DNA and serum/TCSA with or without the scavenger was irradiated with UVA and analysed as described above. The inhibition of DBA was calculated from the following formula:
where d is the proportion (%) of the CC form in the sample with the active oxygen scavenger after UVA irradiation and e is the proportion (%) of the CC form after UVA irradiation.
Results
P h o t o d y n a m i c D B A of T C S A
T C S A shows both phototoxic and photoallergenic activity [10, 15] . As shown in Fig. 1 , T C S A at concentrations as low as 25 g M induced single strand breaks in plasmid D N A and conformationally changed 9.5% of the CC form D N A into the OC form after UVA irradiation. Control buffer did not break plasmid DNA. The amount of the OC form was increased in a concentration-dependent manner up to 90% of the total D N A at a concentration of 150 g M TCSA, while the CC form was decreased inversely. These results indicate that the phototoxic activity of TCSA against plasmid D N A is closely related to its DBA. Therefore, the present system is a highly sensitive method for the prediction of phototoxicity. As shown in Table 2 , the photodynamic DBA of UVAirradiated T C S A was markedly inhibited by NaN 3. The in- Fig.2 Photodynamic DBA in 100 serum samples from control individuals and patients with photosensitivity disorders. 1~ a Erythropoietic protopor-'~' 80 phyria, b porphyria cutanea tarda, c afloqualone-induced photosensitivity (patient 1 in Table 3 ), d tetracycline-ink,, duced photosensitivity (patient O 60 2 in Table 3 ), e tiaprofenic ~ acid-induced photosensitivity, f patient 3 in Table 3 . Asterisk mean value + standard deviation of controls; horizontal dotted line mean value plus 2 x SD of controls (13%) The DBA of serum from patients 1, 2 and 3 was 66.9, 24.5 and 26.9%, respectively. a Afloqualone-induced photosensitivity b Tetracycline-induced photosensitivity ~ Chronic actinic dermatitis hibitory effect of NaN3 increased in a concentration-dependent manner up to 50% inhibition at 20 gM (data not shown). This indicates that singlet oxygen produced by irradiated TCSA is responsible for breaking plasmid DNA strands.
Photodynamic DBA of serum from patients with photosensitivity disorders Serum from eight healthy individuals (five male and three female) showed weak DBA (mean + SD, 4.95 + 3.87%) after UVA irradiation (Fig. 2) . Serum from 8 of 39 patients (20.5%) with photosensitivity disorders showed significantly higher photodynamic DBA as compared with controls. A greater proportion of serum samples from those with drug-induced photosensitivities and porphyria showed significant photodynamic DBA (> 13%) than samples from those with collagen diseases. Serum from those with hydroa vacciniforme showed DBA while serum from those with pellagra and papulovesicular light eruption did not. Serum from two patients with erythropoietic protoporphyria (EPP) showed photodynamic DBA (Fig. 2) , whereas none of the serum samples from patients with porphyria cutanea tarda (PCT) showed significant DBA. DBA was noted in 1 of 12 samples from chronic actinic dermatitis patients.
Effect of active oxygen scavengers on photodynamic DBA
The effect of various active oxygen scavengers on photodynamic DBA was examined in serum from patients with afloqualone (patient 1) and tetracycline (patient 2) photosensitivity and chronic actinic dermatitis (patient 3) ( Table  3 ). The singlet oxygen scavenger, NaN3 strongly inhibited the cleavage activity of all serum samples. The DBA in serum from patient 1 was moderately inhibited by SOD and catalase, while that from patient 2 was suppressed by SOD and, to a lesser degree, by DMSO. The DBA in serum from patient 3 was also inhibited strongly by SOD and DMSO and moderately by catalase. These results indicate that the active oxygen species involved in DBA
Discussion
TCSA, a well-known photosensitizer [9, 10, 15] , damaged plasmid DNA in the presence of UVA even at concentrations as low as 25 gM. The DBA of TCSA increased up to 90% at 150 gM and was strongly inhibited exclusively by NaN 3, suggesting that the generation of singlet oxygens caused the breaking activity. Thus, the present method is reliable for the detection of phototoxicity of drugs and chemicals, and valuable for the investigation of the active oxygen species involved [4, 5, 8] .
With this method, 8 of 39 patients with photosensitivity (20.5%) showed a significantly higher level of photodynamic DBA in their serum as compared with normal individuals. Photodynamic DBA was found in the serum of 3 of 5 patients (60%) with drug-induced photosensitivity, indicating the presence of phototoxic substance(s). Since protoporphyrin levels were higher in the serum of two EPP patients than in normal serum protoporphyrin was responsible for the high DBA in these patients [2] . No DBA was detected in serum from two PCT patients by our method. This reflected the absence of an adequate amount of photodynamic porphyrins in these serum samples. Serum from the patient with hydroa vacciniforme showed marked photodynamic DBA. Although the pathogenesis of this disorder remains unclear, phototoxic molecules may be the cause in some patients. The serum samples from the patients with most of the other photosensitivity disorders studied showed DBA comparable to controls, suggesting that the activity is not causally associated with the factors inducing photosensitivity. In addition, the DBA in serum determined by our method was not necessarily associated with the presence of phototoxic skin lesions, because phototoxic substances may not always be distributed uniformly or even incorporated into the skin tissues. Two points should be kept in mind in interpreting the results obtained by our method. First, ultrafiltration removed phototoxic molecules larger more than 30 kDa from the serum. Second, the effects of serum birilubin and haem, that have the potential to generate hydrogen peroxide [13] , cannot be completely excluded. Therefore, serum samples with high birilubin or haem levels are inappropriate as test samples in our method.
Upon UV irradiation in vitro tetracycline and some of its derivatives alter DNA molecules by strand openings via the generation of singlet oxygens and hydroxy radicals [12] . On the other hand, the single strand DNA break caused by afloqualone is strongly inhibited by NAN3, indicating that singlet oxygen is a major cause of DBA in vitro [8] . Therefore, the results of the present inhibition studies are in accordance with these observations, except that SOD also inhibited DBA. This raises the possibility that the superoxide anion plays a role in photodynamic DNA breaking under in vivo conditions. The pattern of DBA by various active oxygen scavengers was different among the serum samples examined, suggesting the involvement of different reactive oxygen species in DBA. Hydroxy radicals are responsible for photoinduced DNA damage by anti-inflammatory drugs [1] and 2-thiouracil (type 1 photodynamic mechanism) [3] , while singlet oxygen involvement has been shown in DBA by enoxacine and afloqualone (type 2 photodynamic mechanism) [5, 8] . The active oxygen species generated is thus characteristic of each phototoxic substance. Therefore, inhibition studies of DBA may reveal the mechanisms of photosensitivity.
Despite some limitations, the present method was simple and effective for the detection of serum DBA and for the investigation of the pathomechanisms of photosensitivity.
